Abstract The effect of fat mass on bone mineral content (BMC) in children is not clear, particularly when considering a diverse population. Ancestral genetic admixture may be an approach to accurately identify population differences in BMC. Our objective was to evaluate the relationships between self-reported race/ethnicity, genetic admixture, and fat mass on BMC in a multiethnic sample of children (n = 270), taking into account dietary and physical activity variables. Ancestral genetic admixture was estimated using 140 ancestry informative markers, body composition by dual-energy X-ray absorptiometry, diet by 24-h recall, and physical activity by accelerometry. Multiple linear regression examined the relationships between race/ethnicity or genetic admixture and percent fat on BMC. Additional analyses were conducted to examine the relationship between race/ethnicity or genetic admixture and BMC stratified by body fat percentage cutpoints. In regression models, there was no association between race/ethnicity and BMC. In contrast, African admixture (AFADM) was positively associated with BMC, American Indian admixture (AMINADM) was inversely associated with BMC, and there was no association between European admixture (EUADM) and BMC. When stratified by percent fat group, high body fat percentage was inversely associated with BMC with EUADM and AMINADM (P = 0.03 and P = 0.02, respectively) and positively associated with AFADM (P \ 0.001). Diet and physical activity were not related to BMC in this sample. Our findings suggest that genetic admixture and percent body fat, but not race/ethnicity, diet, or physical activity, influence BMC in our sample of peripubertal children. Further, there is a differential impact of percent fat on BMC that may be mediated by genetic admixture.
Introduction
The drastic rise in pediatric obesity combined with recent evidence suggesting that excessive fat accumulation may be associated with increased fractures in childhood indicates a need to understand the interplay between body composition components [i.e., fat mass and bone mineral content (BMC)]. Previous studies have been equivocal, with some suggesting a beneficial effect of weight on BMC mediated by lean mass [1] , and others reporting a detrimental effect of weight, purportedly leading to fat infiltration within bone compartments [2] . The underlying reasons for the variable results have not been elucidated but may be related to genetic architecture contributing to the partitioning of body tissue. As estimates suggest that more than 50% of the variation in adult bone mass is inherited, genetic makeup plays a major role in bone mass accrual [3, 4] . However, the role of genetic expression is complicated by a range of physiological states in response to various environmental conditions (i.e., obesity status, diet, physical activity). This relationship is particularly salient in childhood because the majority of bone acquisition takes place during puberty [5] . As such, identification of factors that influence BMC during the pubertal transition is essential.
Bone mass of an individual in later life, although highly heritable [3] , depends largely on peak bone mass attained during skeletal growth during the pubertal transition [6, 7] . Population studies have demonstrated some inconsistencies in characteristics of bone mineralization, which may be accounted for by ancestral genetic background. Genetic admixture, an estimation of ancestral genetic background using ancestry informative biallelic markers, known to differ in frequency among European, African, and Amerindian populations, can be used to quantify genetic differences related to bone mass among groups. For example, a positive association between African admixture (AFADM) and BMC [8] , as well as an inverse association between European genetic admixture (EUADM) and bone mineralization [9] , have been demonstrated in adult women. Although persons of European descent are more susceptible to osteoporosis, risk may increase in other groups if peak bone mass is not attained in childhood for biological, behavioral, or environmental reasons.
The dynamic growth and development occurring throughout the pubertal transition is met with crucial interactions of hormonal, environmental, and behavioral factors that may affect bone mass accrual. Dietary intake (e.g., calcium, vitamin D) and engagement in daily physical activity may play a role in bone development. Clinical studies have provided significant evidence that increasing vitamin D and calcium intake reduces fractures and osteoporosis risk [3, 10, 11] . Several reports have also shown physical activity to have a positive effect on bone metabolism among adolescents [3, [12] [13] [14] [15] [16] . Recent studies suggest that fat mass accrual may also impact peak bone mineral acquisition, although the extent and direction of the relationship have not been clearly established [17] [18] [19] . It is evident that during the pubertal transition, when the trajectory of growth and development patterns plays a key role in current and future health, the interplay of body composition compartments warrants further study.
The relationships between biological, genetic, and environmental factors influencing BMC have been relatively unexplored in children, and to our knowledge no study has evaluated the extent to which AFADM, EU-ADM, and American Indian admixture (AMINADM) mediate the effect of adiposity on BMC. The objective of this study was to evaluate if variations in BMC could be explained by ancestral background and to evaluate the independent/interactive effects of genetic admixture and fat mass on BMC in a multiethnic cohort of children self-identified as African-, European-, or HispanicAmerican, taking into account dietary intake of calcium and vitamin D and engagement in regular daily physical activity.
Methods

Participants
Participants were 270 (53% male) children aged 7-12 years recruited as a part of a cross-sectional study that aimed to identify racial/ethnic differences in insulin-related outcomes among healthy children. Children were categorized into racial/ethnic groups according to parental selfreport as African American (AA; n = 94), European American (EA; n = 116), or Hispanic American (HA; n = 60). The children were pubertal stage B3 as assessed by a pediatrician according to the criteria of Marshall and Tanner [20, 21] . Exclusion criteria were medical diagnoses and/or taking any medications contraindicated for study participation (i.e., medications known to affect body composition, metabolism, cardiac function, etc.). Before participating in the study, the nature, purpose, and possible risks of the study were carefully explained to the parents and children. The children and parents provided informed assent and consent, respectively. The protocol was approved by the Institutional Review Board for human subjects at the University of Alabama at Birmingham (UAB). All measurements were performed at the General Clinical Research Center (GCRC) and the Department of Nutrition Sciences at UAB between 2004 and 2008.
Protocol
Participants completed two testing sessions. In the first session, anthropometric measurements, pubertal status, and body composition were assessed and a 24-h dietary recall was obtained. In the second session (an overnight visit), a second 24-h dietary recall was obtained. Participants were admitted to the GCRC in the late afternoon for the overnight visit. All participants were offered the same meal and snack foods. After 2000 (8:00 p.m.), only water and/or noncaloric decaffeinated beverages were permitted until after the morning testing. Upon completion of the overnight fast, blood samples were obtained for markers of glucose/insulin homeostasis and DNA genotyping analysis.
Anthropometric measures
The same registered dietitian obtained anthropometric measurements on all children. Participants were weighed (Scale-tronix 6702W; Scale-tronix, Carol Stream, IL, USA) to the nearest 0.1 kg in minimal clothing without shoes. Height was recorded without shoes using a digital stadiometer (Heightronic 235; Measurement Concepts, Snoqualmie, WA, USA). Body mass index (BMI) percentile was calculated using CDC growth charts (http://apps. nccd.cdc.gov/dnpabmi/).
Pubertal status
The Tanner stages have been demonstrated as reliable indicators of pubertal development. Direct observation for the assessment of pubertal stage by a pediatrician, the ''gold standard'' for differentiating among the five stages of maturity [22, 23] , was utilized. The staging based on the criteria of Marshall and Tanner [20, 21] is according to both breast and pubic hair development in girls and genitalia and pubic hair development in boys. One composite number is assigned for Tanner staging, representing the higher of the two values defined by breast/genitalia and pubic hair [24] .
Assessment of body composition
Whole-body BMC was measured by dual-energy X-ray absorptiometry (DXA) using a GE Lunar Prodigy densitometer (GE LUNAR Radiation, Madison, WI, USA). DXA scan data were also used to assess lean body mass and total and percentage fat mass. Participants were scanned in light clothing, while lying flat on their backs with arms at their sides. Body composition analysis by DXA has been found to be highly reliable in children [25] .
Admixture analysis
Genotyping of the ancestry informative markers (AIMs) for the measurement of genetic admixture was performed at Prevention Genetics (http://www.preventiongenetics.com) using the Chemicon Amplifuor SNPs Genotyping System [26] coupled with ArrayTape technology (http://www. global-array.com). A panel of 140 AIMs was used to estimate the genetic admixture proportion of each subject. Molecular techniques for the allelic identification and methodology for genetic admixture application have been described elsewhere [27] , and information regarding marker sequences, experimental details, and parental population allele frequencies has been submitted to dbSNP (http:// www.ncbi.nlm.nih.gov/SNP/) under the designation PSU-ANTH. The information from the AIMs was translated into estimates of AFADM, EUADM, and AMINADM for each subject using maximum-likelihood (ML) estimation based on the ML algorithm described by Hanis et al. [28] . In brief, the ML method estimates the proportion of genetic ancestry for an individual, using a range of proportions from 0 to 1, and identifies the most probable value of admixture based on the observed genotypes.
Calcium and vitamin D intake
Reported calcium and vitamin D intakes were estimated by averaging two 24-h recalls obtained using the multiple pass method. Recalls (in person) were based on participant report and were always performed in the presence of at least one parent. One recall was performed at each visit. A trained dietitian coded and analyzed dietary intake data using Nutrition Data System for Research Software version 2006 (Nutrition Coordinating Center, University of Minnesota, Minneapolis, MN, USA), a dietary analysis program designed for the collection and analyses of dietary recalls.
Physical activity by accelerometer
The MTI Actigraph accelerometer (Actigraph GT1M-Standard Model 198-0100-02; ActiGraph LLC, Pensacola, FL, USA, and accompanying software) was used to measure physical activity levels and patterns for 7 days. Epoch length was set at 1 min, and data were expressed as counts per minute (counts min -1 ). Children were instructed to wear the monitor on an elastic belt at the waist above the right hip, removing only for sleeping, bathing, and swimming. Actigraph monitors have previously demonstrated a high degree of interinstrument reliability [27] . Daily and total counts per minute were summed and averaged as minutes spent in light, moderate, hard, or very hard activity, as determined by the software accompanying the device.
Socioeconomic status
Research suggests that socioeconomic status (SES) influences adiposity, diet, and physical activity patterns. To control for such differences, the variable SES was adjusted for in all statistical models. SES was measured with the Hollingshead 4-factor index of social class [29] , which combines the educational attainment and occupational prestige for the number of working parents in the child's family. Scores ranged from 8 to 66 with the higher scores indicating higher theoretical social status.
Statistical analyses
Differences in descriptive statistics by sex and self-reported race/ethnicity were examined using analysis of variance (ANOVA) with Tukey's post hoc analysis. Multiple linear regression was used to test contributions of (1) selfreported race/ethnicity and percent fat to BMC and (2) genetic admixture and percent fat to BMC. Overall multiple regression models were adjusted for height, age, pubertal stage, sex, total fat and lean mass, and SES. Sex was coded as 0 for males and 1 for females. Because the independent variables ''race/ethnicity'' and ''Tanner'' are nominal variables, they were entered into models as orthogonally coded dummy variables. Interaction terms (i.e., sex by BMC, sex by admixture, sex by diet, sex by physical activity) were included in the exploratory statistical analyses. These interactions were not significant. However, because there is a sexual dimorphism in body composition changes throughout the maturation process, models were also evaluated stratified by sex and Tanner stage.
A second multivariate regression was used to evaluate bone mineral content stratified by cutpoints for percent fat with genetic admixture as a covariate. Although specific cutpoints do not exist, it has been suggested that the percent body fat in girls should not exceed 30 and that of boys should not exceed 25 [30] . We used these suggestions to divide the groups into high and normal body fat percent groups. Models stratified by percent fat cutpoints were adjusted for height, age, sex, Tanner stage, and SES.
To conform to the assumptions of linear regression, all statistical models were evaluated for residual normality and logarithmic transformations were performed when appropriate. All data were analyzed using SAS 9.1 software (SAS Institute, Cary, NC, USA).
Results
Participant characteristics are presented in Table 1 . There were no sex differences in weight, height, SES, BMI, calcium and vitamin D intake, or total daily physical activity. There were no differences by (self-reported) race/ ethnicity in terms of age, weight, or engagement in daily total or moderate to vigorous physical activity; however, there were racial/ethnic differences in BMI and body composition. Hispanic American children presented with greater adiposity as measured by BMI percentile (P \ 0.05, for both), total fat mass (P \ 0.01, for both), and percent fat (P \ 0.001, for both) than European-and African Americans. African Americans had greater lean mass (P \ 0.05, P \ 0.01, respectively) and were reproductively more mature (P \ 0.001) than both Europeanand Hispanic Americans. European Americans reported a higher SES than African Americans (P \ 0.001), who in turn reported a higher SES than Hispanic Americans (P \ 0.001). African American children presented greater BMC than European-or Hispanic Americans (P \ 0.01, for both), yet reported lower dietary calcium (P \ 0.01) and vitamin D intake (P \ 0.01) relative to Hispanic Americans. Table 2 illustrates the results of the multiple linear regression analysis evaluating relationships between BMC, percent fat, and race/ethnicity. There were no associations between race/ethnicity and BMC in the total sample or when stratified by percent fat. Percent fat was positively associated with BMC in the total sample, whereas calcium, vitamin D, and physical activity were not significant contributors. Table 3 illustrates the results of the multiple linear regression analysis evaluating the relationship between genetic admixture and BMC stratified by sex and Tanner stage. EUADM was inversely associated with BMC in females and prepubertally (Tanner stage 1). AMINADM was inversely associated with BMC in males and with increasing reproductive maturation (Tanner stages 2 and 3), but only demonstrated a trend toward significance in females (P = 0.09) and prepubertally (Tanner stage 1) (P = 0.08). Conversely, AFADM was positively associated with BMC in both sexes and across all Tanner stages (P \ 0.05). Figure 1 illustrates that among the entire sample there was a positive relationship between AFADM and BMC, an inverse relationship between AMINADM and BMC, and the influence of EUADM was not significant. Further, as illustrated in Fig. 2 , the contribution of ancestral genetic admixture to BMC varied by percent fat. Among children with high body fat percent, EUADM and AMINADM were inversely related to BMC (P = 0.03, P = 0.001, respectively), whereas AFADM was positively associated with BMC (P \ 0.001).
Discussion
The main objective of this study was to evaluate the effects of race/ethnicity, genetic admixture, and body fat on BMC among a sample of peripubertal children. There have been inconsistencies in results from studies investigating the influence of body fat on BMC among various populations. Some studies indicate that overweight children and adolescents have higher BMC compared with their normalweight peers whereas others conclude that overweight is associated with lower BMC [19, [31] [32] [33] . It is possible that the inconsistencies can be attributed to the population studied, the method used to assess body habitus (i.e., BMI versus DXA), or the confounding effect that body size, fat distribution, and body composition have on the evaluation of adiposity and bone mass [17] . In this study we show, in a multiethnic cohort of children, that percent fat assessed by DXA and ancestral genetic background (but not race/ethnicity) both contribute to BMC. Further, the relationship between admixture and BMC is fairly consistent in both sexes and across the maturation process. However, the impact of fat accumulation on BMC differs according to genetic admixture.
The degree of ancestry has been shown to be of clinical importance among adult women. Hill et al. [8] demonstrated that Tobagonian women with greater West African ancestry had 10-18 and 29% higher bone density compared to non-Hispanic black and white women in the United States, respectively. Others have demonstrated an inverse relationship between bone mass and European ancestry among women [9, 34] . Although previous pediatric studies have examined the relationship between fat mass and BMC [17, 19] , the specific contributions of genetic markers and body fat to BMC have not been reported. Our study showed that ancestral genetic background was associated with BMC. Interestingly, the relationships were maintained, in general even after stratifying by sex or Tanner stage, suggesting a significant influence of genetic admixture irrespective of sexual dimorphism or body composition changes resulting from reproductive maturation. The effect of ancestral genetic background may be mediated by fat distribution [17] , insulin dynamics [35] , adipokines [36] , and/or hormones [37] , all of which influence BMC. The racial/ethnic differences and interactions between fat deposit and BMC observed by Afghani and Goran underscore not only the complexity of body composition relationships in terms of physiology but also the importance of including genetic factors in the analysis [17] . The results of our study demonstrate the differential impact of genetic factors and adiposity on BMC that may not be identified using racial/ethnic category as the independent variable. The extent to which inherent physiological factors may also contribute to BMC is an avenue worth exploring.
Behavioral factors such as physical activity and dietary calcium and vitamin D have been consistently reported to impart an effect on BMC [38] [39] [40] ; however, we did not detect a contribution of either in this sample. In our sample, racial/ethnic differences in these independent variables were shown; however, when included in regression models, there was no relationship between the physical activity or diet with BMC. The lack of association suggests that, in our sample, racial/ethnic differences in BMC were not accounted for by disparate physical activity and/or diet levels. It is likely that the relatively small amount of physical activity, particularly in terms of moderate to vigorous activity, was not sufficient to explain the variance in this sample of healthy children. In addition, it is plausible that in this cohort the dietary calcium and vitamin D intakes were adequate to prevent deficiency but not high enough to produce a contribution in the presence of genetic and other environmental factors (high adiposity). Optimizing calcium and vitamin D intake has been shown to increase bone mineralization in children and adolescents, primarily in children with the lowest intake [38] [39] [40] . Nevertheless, throughout the pubertal transition, the interaction of genetic, biological, physiological, and environmental factors all play a role in the determination of not only bone mass accrual but also bone loss throughout life. Significant evidence indicates the full genetic potential is only attained if nutrition, physical activity, and other lifestyle factors are optimized. Our results suggest that efforts to improve dietary quality and engagement in physical activity in this population should be addressed.
The strengths of this study were the use of ancestral genetic admixture in addition to racial/ethnic classification to separate the biological and nonbiological aspects of race and robust measures of fat and lean mass in a multiethnic population with a wide range of body habitus. To the best of our knowledge, this was the first study to investigate the independent roles of genetic admixture and adiposity in the pediatric skeletal system. There are, however, limitations in using DXA as it may imprecisely estimate BMC, particularly in overweight individuals [41] . However, because our participants were early pubertal children with BMIs in the average range for children and well below the average range for adults, as well as the type of DXA used, we believe that the observed BMC findings in our study were accurate. We do not rule out the possibility that other measures [e.g., serum calcium, parathyroid hormone, vitamin D, leptin, insulin-like growth factor (IGF)] levels may also mediate the effect of ancestry on BMC; however, for reasons of limitations in amount of sera collected and funding, we do not have these measures available. In addition, the cross-sectional nature of the study design prevented the inference of long-term relationships over the pubertal transition; longitudinal data will be required to determine the long-term contribution of individual adiposity and genetic makeup on ultimate bone health. Further, the relatively small sample included only participants from a discrete geographic area, limiting generalizablity. Nevertheless, although the interaction terms were not significant, it is not likely because of power, because power calculations indicated that we needed a sample of 55 to obtain a significant effect, and we had this sample size. Additional analyses examining sex-related differences across Tanner stages were evaluated. This analysis demonstrated a sex-related difference at Tanner 1 with an effect in girls but not in boys, whereas the effect reverses as puberty progresses. However, the separation of samples according to this stratification might bring bias to our results, preventing an accurate conclusion, partly because of the variation in reproductive maturation across groups (i.e., variance in admixture estimates would be limited by stratification). The evaluation of the role of genes in the etiology of racial/ethnic differences in physiological outcomes requires the understanding that genetic similarity cannot be inferred simply based on racial categories. When accounting for the genetic heterogeneity of the participants in our study, the genetic and biological factors influencing fat mass accumulation in African Americans in fact may be the same aspects decreasing susceptibility to osteoporosis in the adult population among this group. Conversely, excess body fat may worsen the influence of AMINADM on BMC. These results indicate population differences in body composition are at least in part the consequence of ancestral genetic background, suggesting the utility of inclusion of admixture for identifying susceptibility for osteoporosis and obesity. Future research on the evaluation of genes influencing bone mass accrual in children is warranted.
